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ABSTRACT. Ulva shanxiensis L. Chen, J. Feng & S.
L. Xie (Ulvaceae), a new species from Shanxi
Province in northern China, is described, illustrated.,
and compared with its closest relatives. The taxon
may be confused with U. prolifera O. F. Miiller and U.
intestinalis L., but 1s characterized by abundant
spinal branches that end with a single-tier cell and
more than one pyrenoid. A taxonomic key 1s provided
to facilitate the i1dentification of this new species and
closely related freshwater species in China. Molec-
ular studies also confirm the position of the new
species among other green algal species of the
Ulvaceae.
Key words: China, IUCN Red List, Shanxi, Ulva,

Ulvaceae.

Members of the genus Ulva L., s.l., are well known
for their cosmopolitan distribution and include
species previously described as Enteromorpha Link.
These green algae (Ulvaceae) can be found growing in
marine or brackish waters and even freshwater
habitats around the globe (van den Hoek et al.,
1995; L1 & Bi, 1998). As presently circumscribed,
there are more than 90 species accepted taxonomi-
cally in the genus Ulva (Guiry & Guiry, 2014), with
only four freshwater species reported in the only
Chinese freshwater green algal flora published up to
now (L1 & Bi, 1998).

It 1s extremely difficult to taxonomically discrim-
inate this genus because of its morphological

plasticity (Bliding, 1963, 1968; Koeman & van
den Hoek, 1985). Considering the difficulties 1n
morphological observation, molecular markers such
as rbcl, small subunit (SSU), and ITS have been

used 1n systematic analyses of the genus (Blomster

et al., 1998; Malta et al., 1999; Woolcott & King,
doi: 10.3417/2013021

1999; Blomster et al., 2000; Hayden et al., 2003;
Shimada et al., 2003). With the development of

molecular markers, new choices for species 1denti-
fication have been proposed by scholars (Fama et
al., 2002; Presting, 2006; Sherwood & Presting,
2007). The plastid gene tufA 1s a viable alternative
for phylogenetic studies due to its conserved
character among different taxa (Saunders & Kucera,
2010) and could be used as a suitable marker in
species 1dentification (Fama et al., 2002; O’Kelly et
al., 2004b; Saunders & Kucera, 2010; Wolfl et al..
2012).

During field investigation of freshwater environ-
ments of Shuozhou City (Shanxi, China), we collected
a hollow, tubular green macroalga. It was mitally
identified as Ulva based on its tubular membrane
character, but 1t did not correspond to any published

species description (Printz, 1964; Tseng, 1983; L1 &
Bi, 1998; Hu & Wei, 2006). We carried out
phylogenetic analyses based on SSU (rRNA, small
subunit) and tufA (plastid DNA) regions to determine
the taxonomic position of the alga, which confirm 1t as
another new freshwater species of Ulva.

MATERIALS AND METHODS

Algal thalli were washed thoroughly and repeat-
edly with sterilized freshwater to remove all the
unwanted impurities, adhering sand particles, and
epiphytes. Voucher specimens were deposited in the
SXU herbarium at Shanxi University. Specimens
used for morphological observation were preserved in
formalin. The others were frozen at —20°C for
molecular study. Morphological characteristics were
examined 1n surface and transverse section views
under a light microscope (BX-51; Olympus, Tokyo,
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Table 1. GenBank accession numbers for rDNA and ¢pDNA sequences (SSU and tufA, respectively) for Ulva species analyzed

in phylogenetic comparison with U. shaxiensis L. Chen, J. Feng & S. L. Xie.

Taxon

Ulva arasakii Chihara
U. australis Areschoug

U. beytensis Thivy & Sharma

U. californica Wille

U. compressa L.

U. curvata (Kiitzing) De Toni
U. erecta (Lyngbye) Fries
U. fasciata Delile

U. flexuosa Wulfen

U. gigantea (Kiitzing) Bliding
U. howensis (A. H. S. Lucas) Kraft

U. intestinalis L. |= Enteromorpha intestinalis

(L.) Nees]

U. lactuca 1.

U. laetevirens Areschoug

U. linza 1.

U. lobata (Kiitzing) Harvey

U. ohnoi M. Hiraoka & S. Shimada

Enteromorpha ovata Thivy & Visalakshmi ex
H. Joshi & V. Krishnamurthy

U. pertusa Kjellman

U. procera (K. Ahlner) H. S. Hayden,
Blomster, Maggs, P. C. Silva, Stanhope &
Waaland

U. prolifera O. F. Miiller |= Enteromorpha
prolifera (0. F. Miiller) J. Agardh; =

Enteromorpha salina Kiitzing]

U. reticulata Forsskal

U. rigida C. Agardh
U. stenophylla Setchell & N. L. Gardner

SS5U

AY 303586

AB425967

AF189078

AB425964

AB425963

AF189077

JNO93104

AB425966

FR865742
AJO05413

AB425960

AB425962
JNO93 105

HO850571
AB425961

HO850569

AB425965

AJ005414

tufA

AB561079
KC411856
KC661441
JEO18547

JN029283
HO610280

KC661426

HE600185
KF195543

KC661427

KC661442
KC661448

H0610296
JN029308
H0610297
JN029310

AY454399

KC661439
KF 195546

KC661443
HO610366
IN029324
10048943

KC661446
H0610368
HO610377
KF195533
KC661429

HO610386

JN029337
KC661428
EF595301
HO610404
HO610403

KC661444

HO610435

Citation™

Matsumoto et al., 2011
Du et al., 2014

Gupta, Saliya, Reddy & Jha, unpub.
Gupta, Bijo, Reddy & Jha, unpub.
O’Kelly et al., 2004a

Kirkendale et al., 2013

Saunders & H. Kucera, 2010
Ichihara et al., 2009

Gupta, Saliya, Reddy & Jha, unpub.
Wolf et al., 2012
Lawton et al., 2013
Sherwood et al., 2000
Gupta, Saliya, Reddy & Jha, unpub.
Ichihara et al., 2009
Gupta, Saliya, Reddy & Jha, unpub.
Gupta, Saliya, Reddy & Jha, unpub.
Ichihara et al., 2009
Saunders & Kucera, 2010
Kirkendale et al., 2013
Saunders & Kucera, 2010
Kirkendale et al., 2013
Sherwood et al., 2000

Lin et al., 2012

Ichihara et al., 2009
Gachon et al., unpub.

Tan & Sluiman, unpub.
O’Kelly et al., 2004b

Gupta, Saliva, Reddy & Jha, unpub.
L.awton et al., 2013
Ichihara et al., 2009
Gupta, Saliya, Reddy & Jha, unpub.
Saunders & Kucera, 2010
Kirkendale et al., 2013
Mao, Yarish, Kim & Wilson, unpub.
Ichihara et al., 2009
Lin et al., 2012
Gupta, Saliya, Reddy & Jha, unpub.
Saunders & Kucera, 2010
Saunders & Kucera, 2010
Lawton et al., 2013
Gupta, Saliya, Reddy & Jha, unpub.

Lin et al., 2012
Ichihara et al., 2009
Saunders & Kucera, 2010

Kirkendale et al., 2013
Lin et al., 2012

Gupta, Saliya, Reddy & Jha, unpub.
Rinkel et al., 2012
Saunders & Kucera, 2010
Saunders & Kucera, 2010
Ichihara et al., 2009
Gupta, Saliya, Reddy & Jha, unpub.
Tan & Sluiman, unpub.
Saunders & Kucera, 2010
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Table 1. Continued.
Taxon SSU tufA Citation™
U. torta (Mertens) Trevisan HQ610438 Saunders & Kucera, 2010
JN029341 Kirkendale et al, 2013

Ulvaria obscura (Kiitzing) P. Gayral ex C. AY303590 O’Kelly et al., 2004a

Bliding |= Ulva obscura Kiitzing| HQ610405 Saunders & Kucera, 2010
Umbraulva amamiensis (Tanaka) Bae & 1. K. AB426256 Ichihara et al., 2009

Lee | = Ulva amamiensis Tanakal
Umbraulva japonica (Holmes) Bae & 1. K. Lee AB426255 Ichihara et al., 2009

| = Letterstedtia japonica Holmes; = Ulva JIN029346 Kirkendale et al., 2013

japonica (Holmes) Papenfuss|

Japan). Photographs of main characters were taken
with a digital camera (CAMEDIA C5060WZ, Olym-
pus) and a CCD camera (DP72, Olympus) mounted
on the microscope.

Genomic DNA was extracted from frozen speci-
mens by using either the modified cetyltrimethylam-

monium bromide (CTAB) method (Doyle & Doyle,
1987) or ColumnMate Tissue/Cell gDNA Isolation
Mimi Kit (Watson, Shanghai, China), following the

manufacturer’s instructions. The primers (NS1 and
NS8) and polymerase chain reaction (PCR) procedure
used to amplify SSU fragments were in accordance
with the previous protocol (Sherwood et al., 2000),
and the primers tufGF4 and tufAR were used to
amplity tufA fragments (Fama et al., 2002). This
region was amplified as described in Saunders and
Kucera (2010). All PCR reactions were performed on
a MyCycler Thermal Cycler (Bio-Rad, Hercules,
California, U.S.A). PCR products were purified with
the Gel Extraction Mini Kit (Watson) according to the
manufacturer’s 1instructions. After being purified,
PCR products were sequenced by Takara Biotech-
nology Company (Dalian, China) and Sangon Biotech
Company (Shanghai, China). When PCR products
failed in direct sequencing, they were cloned to
vector, according to the manufacturer’s protocol
(pMD ™ 18-T Vector Cloning Kit, Takara) before
sequencing. Sequences generated from the research
were deposited in GenBank (accessions KJ617035
for SSU, KJ617036 for tufA).

The sequences of the new species were aligned
with sequences trom previous research for 25 species
of both marine and freshwater Ulva worldwide (ct.

Table 1), using Clustal X 2.0 (Thompson et al., 1997)
and MEGA 5.0 (Tamura et al., 2011) at default

settings. All ambiguous positions were removed prior
to analyses. Also from the Ulvaceae, Ulvaria obscura
(Kiitzing) P. Gayral ex (. Bliding, Umbraulva
amamiensis (lTanaka) Bae & 1. K. Lee, and
Umbraulva japonica (Holmes) Bae & 1. K. Lee were

used as oulgroups in phylogenetic analyses. Nucle-
otide differences were calculated by using uncorrect-
ed p-distances, which were performed by MEGA 5.0
(Tamura et al., 2011). Maximum parsimony (MP)
analyses were conducted with PAUP*4.0 software,
using heuristic search and tree bisection-reconnec-
tion (TBR) branch swapping (Swofford, 1998).
Maximum likelihood (ML) analyses were performed
using PhyML 3.0 (Guindon & Gascuel, 2003). Best
fit models were selected under the Akaike informa-
tion criterion (AIC) using Modeltest 3.7 (Posada &
Crandall, 1998). The best fit model used for each

locus 1s listed 1n Table 2. The bootstrap resampling
method, using 1000 respective replicates, was used
for estimating robustness of trees reconstructed by
MP and ML analyses (Felsenstein, 1985). Bayesian
inferences were performed with MrBayes 3.1.2
(Ronquist & Huelsenbeck, 2003), using the models
previously estimated. Two independent runs, each

comprising four chains, were completed for

10,000,000 generations and sampling every 100

Table 2.

dataset. Best fit models were selected under the Akaike
information criterion (AIC) using Modeltest 3.7 (Posada &
Crandall, 1998).

Model selection results for each phylogenetic

Base

Gene number  Model Model parameters

SSU - 1661 TIMA4-1 Base = (0.2491, 0.2166, 0.2758)
Rmat = (1.0000, 1.3875, 1.6413,

1.6413, 6.2082)

Rates = equal
Pinvar = 0.8801

tufA 735 GTR+I14G Base = (0.3594, 0.1324, 0.2012)

Rmat = (2.7210, 4.9344, 0.6340,
2.0644 8.8477)

Rates = gamma

Shape = 0.8032

Pinvar = 0.5612
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oenerations. The inferences were stopped when the
average standard deviation of split frequencies was
lower than 0.01. The consensus tree was reconstruct-
ed after burn-in of 25% generations.

Ulva shanxiensis L. Chen, J. Feng & S. L. Xie, sp.
nov. TYPE: China. Shanxi: Shuozhou City,
Simabo Village, Shentou Spring, attached at
the bottom of a stream, 39°23.129'N,
112°33.818'E, 1056 m, 7 Apr. 2006, G. Yao
& B. Li, SAS06035 (holotype, SXU). Figure 1.

Haec species Ulva prolifera O. F. Miiller et U. intestinalt
L. affinis, sed a hac thallo spinoso-ramosissimo, ab 1illa
cellulis polygonis usque quadratis, ab ambabus pyrenoidi-
bus una ad quinque in quaque cellula differt.

Thallus lLight green, tubular, up to 25 mm diam.,
abundantly spinal branched; branches ca. 40—-50 pm
diam., each ending in a single-tier cell (Fig. 1E); cells
in surface view polygonal to quadrate, ca. 23-30 X
12—20 pm, arrayed in distinctively longitudinal series
in younger thalli, gradually becoming less ordered in

older ones (Fig. 1F); cells i1n cross-section of

membrane ca. 15-20 X 10-15 pm (Fig. 1C); cells

with several pyrenoids ranges from 1 to 5.

Ecology and distribution. Ulva shanxiensis was
attached at the bottom of a stream in Shentou Spring,
Shuozhou City, Shanxi Province, in northern China.
The stream 1s about 3 m wide, 40 ¢m 1n depth, and

the water is clear, with a temperature of 15°C and pH

6.8 1n April.

IUCN Red List category. Ulva shanxiensis 1s
known only from Shentou Spring, Shouzhou City,
Shanxi. The distributional area is about 6 km* and
there are ca. 500 to 700 individuals (D1, D2). This

species should be categorized as Vulnerable (VU)
according to IUCN criteria (IUCN, 2012).

Etymology. The specitic epithet 1s derived from
the spring name of the type locality.

Discussion.  Morphological characters for Ulva
shanxiensis are obviously different from those of U.
intestinalis, which is the only freshwater Ulva species
recorded completely in China (Tseng, 1983; Li & Bi,
1998). Ulva shanxiensis 1s characterized by abundant
spinal branches in both the new species and U.
prolifera (vs. simply or rarely branched from the very
base in U. intestinalis). The sparse branches all over
U. intestinalis thallus or only at the base of the thallus
make 1t different from U. shanxiensis. The cell walls
are nol thicker on the internal surface of the thallus in

transverse section in both the new species and U.

Novon

prolifera (vs. generally thickened internally in U.
intestinalis). Cells of U. shanxiensis are polygonal to
quadrate 1n surface view, ca. 12-20 X 23-30 pm.
Cells of U. prolifera are often round to polygonal and
cells of U. intestinalis are polygonally rounded. The
cell dimension of U. shanxiensis 1s a little bigger than

that of U. intestinalis (ca. 10-15 X 13-25 pm) and U.
prolifera (10-12 X 12-18 pm). The number of

pyrenoids 1s more than one, ranging from one to five
in U. shanxienst, but only one pyrenoid 1s found in
cells of both U. intestinalis and U. prolifera.

We determined and aligned 1661 nucleotides
within the rRNA SSU sequences in this study.
Twenty-two aligned SSU sequences had 95 (5.72%)
variable bases and 42 (2.53%) parsimoniously
informative sites. The G+C content was 49.6% in
the aligned sequence data set. Within the aligned
regions, the average ol uncorrected p-distance was
0.011 from the aligned data set. The uncorrected p-
distance between 1ngroup species and outgroup
species ranged from 0.012 to 0.028. Six nucleolide
differences were found between Ulva shanxiensis
and U. pertusa Kjellm. from Japan with 1653
nucleotide aligned sequences (0.36%); seven nu-
cleotide ditferences were found between U. shan-
xiensis and U. lactuca L. from Japan with 1653
nucleotide base aligned sequences (0.42%). Ulva
shanxiensis resolved as sister in clade B with U.
pertusa and U. lactuca (Fig. 2, with 0.61 Bayesian
posterior probability). The topology of the Bayesian
inference (Bl) tree and the ML tree were similar, but
differed in that U. pertusa and U. lactuca were sister
to U. shanxiensis rather than basal sister to the clade
including U. shanxiensis. Contrary to the ML tree,
these three species had the same placement in the
MP tree as in the Bl tree, but at low support values.

A total of 735 base pairs for tufA sequences were
determined and aligned in this study. The aligned
41 tufA sequences had 195 (26.53%) variable bases
and 119 (16.19%) parsimoniously informative sites
with 33.4% GHC content. The average of uncorrect-
ed p-distance was 0.053 from the aligned tufA
sequence dataset. The uncorrected p-distance
between ingroup and outgroup species ranged from
0.060 to 0.103. Between 29 and 31 nucleotide
differences were found between Ulva shanxiensis
and U. prolifera for accessions from the United

Kingdom, Canada, and the United States. For 730-
732 nucleotide aligned sequences (3.97%—4.23%),

23 nucleotide differences were found between U.
shanxiensis and U. gigantea, and for 730 nucleotide
aligned sequences (3.15%). The phylogenetic tree
based on tufA gene indicated that U. shanxiensis 1s
included 1n clade B with U. gigantea, U. laetevirens,
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Figure 1. Ulva shanxiensis Le Chen, J. Feng & S. L. Xie. —A. Habitat showing attachment of thalli to the bottom of the
freshwater spring. Arrow indicates the basal attachment of the tubular thallus. —B. Young thalli. —C. Thallus cross-section,
showing the even cell-wall thickness. —D, k. Branches. Arrows indicate uniseriate branches terminating in the single-tiered
cell. —F. Thallus surface. Arrows indicate the epidermal cells, with polygonal to quadrate shapes. A, B taken at Shentou Spring
by L. Chen.
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1.00/737177

1.00/629/69

0.99-991 L yva californica (USA, AY303586)
Clade A
_|_7 Ulva prolifera (China, HQ850569
0 99/-/- - Ulva flexuosa (Japan, AB425963)
Ulva pertusa (China, HQ850571)
0.61/-71
- Ulva rigida (N/A, AJO05414)
0.97/--
0.64/-/- Ulva fasciata (Japan, AB425964)
'1.00/830/85
Ulva reticulata (Philippines, AB425965)
Ulva pertusa (Japan, AB425961)
0.82/-/-
U.83/-- Ulva lactuca (Japan, AB425960) Clade B
Ulva shanxiensis Sp. NOV.
— Ulva intestinalis (Australia, FR865742)
1.00/999/- n
1.000997/- | = Ulva intestinalis (Japan, AB425966) Clade C
-Enteromorpha intestinalis (N/A, AJ005413)
Ulvacompressa (Japan, AB425967)
Ulvaria obscura (USA, AY303590)
Umbraulva japonica (Japan, AB426255) Qutgroup

0.01

Figure 2.

Novon

— Ulva linza (Japan, AB425962)

Ulva linza (China, JN093105)

Ulva curvata (USA, AF189078)

Ulva intestinalis (USA, AF189077)

- Ulva intestinalis (China, JN093104)

Umbraulva amamiensis (Japan, AB426256)

Phylogenelic tree reconstructed using Bayesian inlerence from the SSU sequence datasel. Numbers al nodes

represent Bayesian posterior probabilities/maximum likelihood bootstrap/maximum parsimony bootstrap values. Support values
less than 50% are not shown. Scale bar represents 0.01 substitutions per site.

U. fasciata, U. ohnot, U. beytensis, U. reticulate, and
U. lactuca (Fig. 3, with 0.88 posterior probabaility/-/
64 MP bootstrap support values). Accessions of U.
shanxiensis also positioned 1n clade B in the MP and
ML trees, but differed in some detail. The new
species 1s further supported by significant genetic
differences found in tufA sequences. Ulva shan-
xiensits shares relationship with morphologically
similar U. intestinalis and U. prolifera, but both

species assort differently, to clade C and clade A,
respectively (Fig. 3). The new species ditfered from
U. intestinalis by nine to 20 and 40 nucleotide
substitutions i1n the SSU and tufA sequences,
respectively. Sixteen and 29 to 37 nucleotide
substitutions were observed between the new
species and U. prolifera in the SSU and tufA
sequences, respectively. Ulva shanxiensis ditfered
by 23 nucleotide substitutions in the tufA sequences



Volume 23, Number 4
2014

D.9777F0I-

1.00/7 73157

0.6 3/-/-

1 1.00/777/80

1.00/-/-

U.99- 0.99/713/64

1.00/994/100

—1 0.6 3/-/-

0.69/-/55
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1 oojesa. - Ulvacompressa (India, KC661426)
'355“55”| I - Ulva linza (India, KC661446)

-Ulva prolifera (India, KC661428)
E nteromorpha ovata (India, KC661429)

1.00/995/- E
Ulva intestinalis (India, KC661439)

Ulva erecta (India, KC661427)

— Ulva californica (Australia, JN029283)

— Ulva californica (Canada, HQ610280)
Ulva flexuosa (Canada, HQ610296)

— Ulva flexuosa (Australia, INO29308)

1 oo/esa/ioo — Ulva torta (Canada, HQ610438)

- Ulva torta (Australia, JIN029341)

Ulva prolifera (United Kingdom, EF595301)

Ulva prolifera (Canada, HQ610404)

Ulva prolifera (USA, HQ610403)

Ulva linza (Canada, HQ610368)

—| 0.99/570/91 |
e Ulva stenophyllia (Canada, HQ610435)

Clade A

— Ulva procera (Canada, HQ610386)

1.00/878/58 L— Jva procera (Australia, JN029337)

1.00/707/76
0.86/-/-

0.7 4/-/-

0. 88/-/-

1.00/779/- |

1.00/756/89

0.88/-164

0. 54/-/51 [

1.00/-f70

| 1.00/681/76 |

Ulva beytensis (India, KC661441)

1.00/-/- I

Ulva shanxiensis sp. nov.
1_5.3;_”95_1— Ulva compressa (ltaly, HEBOO189)

- Ulva fasciata (India, KC661442)
Ulva lactuca (India, KC661443)

1.00/-/- |
Ulva reticulata (India, KC661444)

Ulva beytensis (India, JF918547)
Ulva ohnoi (Australia, KF195533)
Ulva fasciata (India, KC661448)

— Ulva laetevirens (Australia, JN029324)
0.96/934/ ELuua laetevirens (USA, JQ048943)
Ulva gigantea (Canada, HQ610297)

Clade B

-Ulvacompressa (Australia, KF195543)
Ulva howensis (Australia, JN0O29310)
1 00/-/100 Ulva intestinalis (USA, AY454399)

. EUNE intestinalis (Australia, KF195546)

Clade C

0 73/536/- Ulva arasakii (Japan, AB561079)
1.00/804/94 ; Ulva lactuca (Canada, HQ610366)

0.94/527/60

0.01

Ulva australis (China, KC411856)

- Ulva lobata (Canada, HQ610377)
Ulvaria obscura (Canada, HQ610405)

% IJmbraulva japmﬂca [EEILJH'I Korea, JNO29346)

QOutgroup

Figure 3. Phylogenetic tree reconstructed using Bayesian inference from the tufA sequence dataset. Numbers at nodes
represent Bayesian posterior probabilities/maximum likelihood bootstrap/maximum parsimony bootstrap values. Support values
less than 50% are not shown. Scale bar represents 0.01 substitutions per site.

from U. gigantea, and morphological characters
clearly distinguish the species (Loughnane et al.,
2008). Ulva gigantea sequences were characterized
by the distromatic membranous thalli and usually
possessed one pyrenoid per cell, which was quite
ditferent from U. shanxiensis.

Considering that Enteromorpha salina Kiitzing 1s
now accepted as a taxonomic synonym of Ulva

prolifera, and U. percursa (C. Agardh) C. Agardh 1s
noted as unverified (Guiry & Guiry, 2014), the genus

Ulva 1s represented by three freshwater species in

China (Tseng, 1983; L1 & Bi, 1998).

KEY TO THE CHINESE FRESHWATER SPECIES OF Urva FRoM CHINA

la. Thalli with sparse branching ...... U. intestinalis L.

Ib. Thalli with abundant branching.
2a. Cell shape round to polygonal; cells with
one pyrenoid each .... U. prolifera O. F. Miiller
2b. Cell shape polygonal to quadrate; cells with
more than one pyrenoid .................

... U. shanxiensis L. Chen, J. Feng & S. L. Xie
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Paratype. CHINA. Shanxi: Shuozhou City, Simabo
Village, Shentou Spring, attached at the bottom of a stream,
9 June 2010, L. Chen & B. Li SAS2010055 (SXU).
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